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corrosion resistance.  Since welds are inevitable in the construction of any material part, they also present the 
opportunity to study multiaxial stress distribution.  
A. Brown [3] has commented upon the multiaxial stresses caused by notches and thereafter, studies [4-13] 
have been carried out to understand the multiaxial creep failure. The multiaxial creep design criteria can be 
established with the help of three mechanisms namely; Classical Plastic Theory (CPT), Cavity Growth 
Mechanism (CGM), and Continuum Damage Mechanics (CDM).  
CPT has been used in the multiaxial creep analysis during the first half of the 20th century. The model 
explains multiaxiality based on the creep data obtained for tensile specimen under constant load. CPT 
mechanism does not address issue of structural changes and is entirely based on the mechanics of instantaneous 
plastic deformation.  
Dislocations, inclusions, and voids play a major role in causing damage and failure at elevated temperatures. 
CGM model in contrast to CPT is based on the evolution of microstructure under stress and temperature [6, 7]. 
CDM employs internal state variables to quantify the strain rate response to an applied stress and/or 
stressing rate, up to and including fracture [8-13]. D. Hayhurst [8] has used CDM to predict creep failure time 
and rupture strain of high temperature components by selecting proper constitutive equation and damage 
variables. P. Segle [11] employed CDM and fracture mechanics approach for understanding the creep behavior 
of weldment and indicated the inadequacy of material property data for creep life prediction under 
multiaxiality. Creep rupture tests on uniaxial and double notched bar specimens were performed to understand 
the multiaxial stress rupture behavior in two different materials Durehete 1055 and 2.25Cr1Mo steel by O. 
Kwon [12]. The net section stress distribution was studied by using Finite Element Method (FEM) programme 
in ANSYS. It was shown that, the creep ductility was strongly influenced by the state of multiaxial stress in the 
notched bar specimen.  
However, there are little experimental works studying the creep rupture and damage development in 
multiaxial stress states because of the difficulty of performing multiaxial creep testing. S. Zhang [14] studied 
multiaxial creep damage by conducting tests on cruciform specimen of type 304 SS. The effect of stress 
biaxiality on creep rupture lifetime was described. For laboratory purposes, notch was introduced into a 
cylindrical bar under uniaxial constant tensile loading and a non-uniform multiaxial stress system was set up. 
In present work, varying degree of multiaxiality was introduced by changing notch geometry in the 316L(N) 
stainless steel. Based on the data generated from the creep rupture tests, FE analysis was done to understand the 
correlation of the stress distribution with microstructural features to evaluate stress offloading due to 
multiaxiality.  
2. Experimental 
2.1. Material and sample preparation 
Table 1: Chemical composition (wt %) of 316 L (N) SS. 
Cr C Ni Mo Mn Si S P Cu B N 
17.12 0.023 12.21 2.31 1.65 0.29 0.003 0.024 0.10 0.0012 0.086 
 
Chemical composition of 316 L (N) is an austenitic stainless steel is given in Table1. The high Cr levels 
make the steel susceptible to intergranular corrosion (IGC) whereas, low carbon levels and addition of nitrogen 
ensure the formation of nitrides instead of carbides which help in retaining the strength at elevated 
temperatures. The material was tested in the solution treated condition at 1373 K for 40 minutes, followed by 
water quenching. The microstructure showed equi-axed grains of size of 88 μm (by mean linear- intercept 
method) [3] (Fig.1).  
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Fig.1. Typical microstructure of the heat treated material. 
2.2. Test matrix 
The creep experiments were carried out on circumferential V- notched specimens at a stress level of 300 
MPa and 873 K temperature. The sample geometries selected are shown in the Table 2. Circumferential V- 
notched specimens were selected on the basis that standard V- notched specimen tests are employed as a means 
of characterizing notch strengthening or notch weakening behavior [15]. As such, the stress rupture tests of 
different notch geometries were carried out.  
Table 2. Specimen geometries. 
Specimen Notch depth (b) mm Net diameter (d) mm Notch root radius (ȡ) mm Kt 
BM1 0.6 8.3 0.141 4.168 
BM2 0.8 7.9 0.16 4.17 
BM3 1.282 6.936 0.3 3.2 
BM4 2.03 5.44 0.3 3.15 
BM5 2.303 4.894 0.16 1.58 
3. Results and discussion 
3.1. Creep rupture life 
The rupture times of the specimens are given in the Table 3, which clearly indicate that higher the notch 
depth, higher is the rupture life. Also, the steady state creep rate decreases for the specimen with higher life 
time.  
3.2. Metallography 
While the basic nature of the cracks, extent of cracking, grain boundary precipitation, and grain size can be 
revealed by the optical micrographs, the SEM images reveal more important data regarding the fracture modes. 
The notch caused mixed mode of fracture, in which brittle intergranular fracture was observed at the notch root 
whereas, ductile transgranular fracture was observed away from the notch root. This indicated that, notch 
introduced stress concentration, thereby increasing the material tendency to brittle fracture at notch root (Fig. 2 
(a)).  
Table 3. Rupture lives of the base metal specimens. 
Specimen Rupture life (tr), hrs. % Reduction in area Steady state creep rate, hrs -1 
BM1 1496 10.1 2.35E-05 
BM2 2338 13.1 1.70E-05 
BM3 2412 18.1 4.18E-06 
BM4 2772 22.8 3.79E-06 
BM5 3789 24.2 2.72E-06 
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The carbide precipitates responsible for strengthening decorated the grain boundary. The composition of the 
precipitates was determined by carrying out the Energy dispersive X-ray analysis. The M23C6 carbides 
precipitated along the grain boundaries, which later acted as nucleation sites for cavities, Figs. 2(b) and 2(c). 
 
(a) (b) (c) 
Fig.2. SE Micrographs of BM5 sample showing (a) Mixed mode of fracture, (b) and (c) Grain boundary precipitation 
With the help of Energy dispersive studies (EDS) (Figs. 3 (a) and (b)) it was observed that, the grain 
boundary precipitates are mainly Cr and Mo carbides. In the initial stages, these fine precipitates help in 
strengthening by pinning the dislocations at the grain boundaries. However, with passage of time they get 
coarser that will be bypassed by the dislocations by Orowan looping and no longer contribute towards the 
strengthening. Instead, they act as sites for cavitation promoting the damage. Further, formation of Cr carbides 
depletes the surrounding regions in Cr thereby, making the material susceptible to oxidation attack.  
Figure 4 presents plot between % fracture and normalized distance from the notch root. The variations can be 
explained by the distribution of multiaxial stress parameters which can be obtained by finite element (FE) 
calculations.   
3.3. FE analysis 
The multiaxial stress components, according to fracture mechanics, are von Mises’ equivalent stress ıeq, 
mean stress ım, and the maximum principal stress,ı1. Thus, for the notched specimens under tensile steady 
state creep conditions, distribution of ıeq, ım, and ı1 was studied. Notch imposed a constraint and the degree of 
constraint arose as combination of material property, specimen geometry, and stress level. The degree of 
constraint was of the order BM1 > BM2 > BM3 > BM4 > BM5. The two extreme cases were considered, and 
the variation in the multiaxial stress components with respect to the distance from the notch root was modeled 
in the FE ANSYS codes (Figs. 5 and 6). 
 
 
Fig. 3(a). Grain boundary precipitations on fracture surface of BM1; chromium-20.57% wt. 
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Fig.3(b).  Grain boundary precipitati
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Fig. 6. Multiaxial stress parameters spatial distributions for BM5 at 1000 hrs of creep (a) maximum principal 
stress (b) von Mises stress (c) mean stress. 
 
With Finite Element Modeling, the portion across the notch root was divided into various segments 
(elements) and the stress values were calculated at every point with variation in r and ș. While the Von mises’ 
equivalent stress was responsible for the nucleation of cavities, mean stress helped in growth of the cavities, as 
well as aided in creep deformation [16]. 
In specimen with high constraint values such as BM1, BM2, BM3 the ability of stress redistribution was 
small, which implied high value of stress concentration factors (Kt factor for BM1 was 4.168). This fact 
accounted for the distinct facets observed at notch root. The low ability of stress redistribution implied not 
much region with high stress, causing the ductile mode of fracture to dominate. It was the same that caused 
local yielding to occur which was reflected by the ligaments of material observed between any two cavities in 
the ductile region. Lesser amount of brittle fracture accounted for the low rupture time (minimum tr of 1496 h 
was observed for BM1).  
On the other hand, for a specimen with low constraint (BM4, BM5), the stress redistribution was more. This 
can also be referred as ‘stress offloading’. Instead of concentrating the stress at the regions only near the notch 
root, stress was offloaded to larger distances, which was reflected by the minimal values of Kt (1.58 for BM5). 
Brittle region dominated in the fracture but with the absence of distinct facets, followed by ductile region. 
Creep occurred as a global event here. The dominance of brittle fracture was also responsible for the enhanced 
rupture life (tr = 3789 h).   
4. Conclusions 
The rupture life as well as fracture mode of 316 L (N) SS of notched specimens are shown to be dependent 
on the notch profile. Higher the notch depth, higher is the rupture life. Ductile mode of fracture is dominant for 
specimens with high constraint as the extent of stress redistribution is small. Brittle region dominated in the 
fracture of specimens with low constraint on account of stress offloading to larger distances and, thereby, 
resulting in higher rupture life. The ability of the material to redistribute (offload) the stresses, can be extremely 
useful in designing a material part with enhanced life. The data generated can be safely applied to identical 
situations of stress concentration to know their rupture time or the critical extent of allowable fracture.  
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